Methicillin-resistant Staphylococcus aureus (MRSA) infection is a rapidly escalating global health burden. It is not only restricted to patients in the hospital settings but has also rooted deeply in the community settings. With increasing prevalence of life style and kidney diseases, the prevalence of MRSA infections is also expected to rise. MRSA infection plays a major role in renal disorders due to its direct vascular access (VA) thereby making patients undergoing dialysis and renal transplant more vulnerable to infections. Prolonged hospital stay, close proximity to MRSA-infected individual, exposure to broad-spectrum antibiotics, surgery and presence of foreign bodies such as central venous catheters predispose an individual to MRSA infection. Current panel of antibiotic treatment includes vancomycin, teicoplanin, linezolid, daptomycin, tigecycline and ceftaroline. However, emergence of resistant strains and several undesirable features pertaining to safety and tolerability of these drugs have led to limited options available for the management of multidrug-resistant MRSA infection in patients with renal disorders. Therefore, there is an increasing need for developing a new potent antibacterial agent with established renal safety that decreases the mortality and morbidity rates in MRSA-infected renal patients.
Introduction
Antimicrobial resistance has become a serious public health concern worldwide. In the healthcare and community settings, the methicillin-resistant Staphylococcus aureus (MRSA) infections have been rising at an alarming rate in the last few years. S. aureus, a gram-positive organism, is an opportunistic pathogen which colonizes on epithelial tissue of skin, skin glands and mucous membrane causing infections ranging from mild (cellulitis) to life-threatening conditions like septic shock. The widespread use of antibiotics (partially due to self-medication and over-the-counter antimicrobials) has resulted in the emergence of resistant strains of S. aureus. Resistance to methicillin is determined by mecA gene which expresses for lowaffinity penicillin-binding protein 2 (PBP2) [1, 2] . MRSA infections are divided into three types: hospital-acquired MRSA (HA-MRSA), community-acquired MRSA (CA-MRSA) and livestock-acquired MRSA (LA-MRSA). Presence of biofilms on biomaterials in the hospitals and other healthcare facilities contributes to the spreading of HA-MRSA among susceptible patient population. Apart from the MRSA infections in healthcare setting, there are CA-MRSA infections arising due to direct or indirect contact with hospitals and care facilities. Key areas of research in renal patients infected with MRSA include genetic factors contributing to the resistance pattern, global epidemiology and its dynamics, the evolution of resistance, and new treatment modalities in patients with renal disorders [3] .
Prevalence
The prevalence of MRSA infections has increased over the years globally. The first case of MRSA was found in 1961. The percentage of invasive MRSA isolates in Europe in 2014 varied from 0.9% to 56%, with a population-weighted mean of 17.4%. Globally the percentage of S. aureus infections lies in the range of 13-74%. In 2005, 31.8 per 100,000 was the rate of invasive MRSA infections and 75% of these invasive MRSA infections were due to S. aureus bacteremia (SAB). According to the national surveillance reports from Asia and Western Pacific Region, S. aureus has been recognized as a very important pathogen, and MRSA incidence was found to be in the range of 2.3-69.1%. The rate of MRSA bacteremia in Canada, Australia, and Scandinavia has increased in the span of 2000 and 2008 (P = 0.035) owing to rise in community-acquired infections (P = 0.013) [4] . The study conducted by Suzuki et [6] .
According to the study conducted by Indian Council of Medical Research (ICMR), the prevalence of MRSA in India was 37.3% in 2017. In this study, the lowest MRSA prevalence was found at All India Institute of Medical Sciences (AIIMS) Delhi (21%) while the highest MRSA prevalence was found at Christian Medical College (CMC) Vellore (45%). This variation in prevalence rate was due to differences in the antibiotic prescription practices followed and the infection control measures employed at different locations. MRSA prevalence at Postgraduate Institute of Medical Education and Research (PGIMER), Chandigarh and Jawaharlal Institute of Postgraduate Medical Education and Research (JIPMER), Puducherry was 43% and 35%, respectively [7] .
About one-third of the general population is colonized with S. aureus. Anterior nares are the common site, and other frequent sites are the throat, axilla, rectum, groin, or perineum. The pooled prevalence of MRSA colonization is 1.3% (95% confidence interval (CI): 1.04-1.5%) globally [5] . For hemodialysis, the percentage of estimated MRSA colonization was 7.2% (95% CI: 4.9-9.9%), while for peritoneal dialysis, it was 1.3% (95% CI: 0.5-2.4%) [6] . The pooled MRSA prevalence in dialysis patients from European studies was 4.0% (95% CI: 1.5-7.7%), lower than the prevalence in USA 7.9% (95% CI: 4.4-12.3%) and Asian countries 10.3% (95% CI: 5.7-16.0%) [8] . A study by Suzuki et al in 2006 reported that MRSA attributed to 38.4% of infections in 15,618 dialysis patients [5] . Further, Moore et al showed that colonization with MRSA during the peri-operative period can forecast renal allograft failure within 5 years of transplantation independently. The percentage reduction in 1-year, 3-year and 5-year graft survival in MRSA-positive recipients is 100%, 86% and 78% when compared to 100%, 100% and 93% respectively in the control group [9] .
MRSA in Renal Disorders

Dialysis
S. aureus has been reported as the most common infection causing pathogen in dialysis patients due to vascular access (VA) and frequent exposure to hospital environment. Patients undergoing hemodialysis and peritoneal dialysis are more prone to microbial infection [10] .
In a study by the US Centres for Disease Control and Prevention (CDC) in 2005, invasive MRSA infection was observed in approximately 45 out of every 1,000 patients and the risk of infection in hemodialysis patients was observed to be 100 times greater than that in nondialysis patients. Also mortality rate in hemodialysis patients with MRSA infection is five times greater than hemodialysis patients without MRSA infection [10] .
Lederer et al performed a study to establish the prevalence of MRSA carriers in out-clinic hemodialysis patients and it was found that end-stage renal disease (ESRD) patients maintained on regular hemodialysis posed a great risk of S. aureus infections, owing to exposure to VA site. Nasal MRSA carriage was significantly greater in hemodialysis patients than in hemodialysis personnel (53% vs. 26%, P = 0.009) [11] .
The study conducted by Lu et al carried out the surveillance in three groups. The S. aureus carriage rate was significantly higher among peritoneal dialysis patients (43.4%) than hemodialysis patients (21.8%) (P < 0.0001, 95% CI: 1.695 -4.449). MRSA carriage rates were found to be comparable in both cases. For peritoneal and hemodialysis patients, rates were 2.41% (2/83) and 2.36% (12/509) respectively [12] .
Renal transplant
In solid organ transplantation, the patients are already immunocompromised and therefore, the risk and severity of MRSA infection might increase. Colonization can occur in the pretransplantation or post-transplantation period and is associated with multiple factors consisting of length of surgery, antimicrobial use, length of intensive care unit stay (ICU), usage of drains and/or catheters, and patient comorbidities. In a study done by Cunha et al, it was found that among the 693 renal transplants performed, the MRSA prevalence was 1.3% [13] .
Other renal diseases
Glomerulonephritis with S. aureus infection complicates the disease. Superantigen formation in the bacteria induces host T cell activation which further increases the interleukins, tumor necrosis factors and immunoglobulin (IgG and IgA) levels in the patients [14] .
Causes and Risk Factors for MRSA Infections
MRSA infections continue to grow in hospital settings and more recently, also in community settings not only in the USA but also across the globe. The increase in the incidence of S. aureus infection is partially a consequence of advances in patient care and also due to the pathogen's ability to adapt to changing environment. A growing concern is the emergence of MRSA infections in patients without apparent risk factors. CA-MRSA clones such as ST8 (USA300), ST30, ST59 and ST80 have been spreading rapidly in the community and due to their invading nature, they are contaminating healthcare facilities worldwide really fast. HA-MRSA clones ST239/
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ST241-III-MRSA and ST22-IV-MRSA have been isolated widely [15, 16] .
Patients who are more susceptible to acquiring MRSA infection are grouped as below in table 1 [15] .
Risk factors associated with MRSA infection include prolonged hospital stay, frequent hospitalizations, exposure to broad-spectrum antibiotics, admission to an ICU or burn unit, recent surgery, contact with MRSA-infected patients, presence of foreign bodies such as central venous catheters, presence of comorbidities like diabetes and MRSA colonization. The most common mechanism for introduction of MRSA into an institution is the admission of an infected or colonized patient who serves as a reservoir [17] .
Prevention Strategies
Management of MRSA infection includes proper precautions, prevention and immediate and skilled medical attention. CDC has set up following core interventions to prevent blood stream infection in dialysis patients [5] : 1) To perform monthly hand hygiene observations and share results with the clinical staffs; 2) To follow protocols for the hand hygiene and glove use; 3) To train staff on infection control practices such as access care and aseptic techniques; 4) To evaluate competency of staff every 6 months and upon hire; 5) To perform quarterly VA care observations and assess the aseptic techniques used for connecting and disconnecting catheters and methods for dressing change. Efforts for catheter removal whenever possible should be made (e.g. through patient education) with identifying and considering barriers to permanent VA placement. Catheter hub disinfection should be carried out with use of proper antiseptic after removal and before using of the cap. If closed needleless connector device is used, connector device should be sterilized as per manufacturer's instructions. Antimicrobial ointment should be applied to catheter exit sites during dressing changes; 6) To give standardized education and training on topics such as VA care, hand hygiene, risks related to catheter use, recognizing signs of infection, and instructions for access management to patients when away from the dialysis unit; and 7) To use an alcohol-based chlorhexidine (> 0.5%) solution as the first-line skin antiseptic agent for central line insertion and during dressing changes. Povidone-iodine (preferably with alcohol) or 70% alcohol are alternatives for patients with chlorhexidine intolerance [5] .
Current Management Choices for MRSA-Infected Renal Patients
The elementary step in management of MRSA infections in renal patients is to identify and eradicate the source of infection. Catheter, grafts or any other hidden sources which can be a source of infection are detected by magnetic resonance imaging (MRI) or computer tomography (CT) imaging methods [4] .
Glycopeptides, a class of antibiotics, are widely used firstline treatment for MRSA infections in renal diseases. This class of antibiotics include drugs such as vancomycin and teicoplanin. They are approved for treatment of complicated skin and skin structure infections, blood stream infections, and infective endocarditis, caused by S. aureus (including MRSA). Their bactericidal action is due to their ability to inhibit bacterial cell wall synthesis. Vancomycin has slow onset of action and is poorly absorbed in some tissues. While US guidelines recommend a fixed dose, European guidelines advise dosing vancomycin based on the trough plasma concentration (C min ) to attain ratio of vancomycin area under the curve to minimum inhibitory concentration (MIC) to ≥ 400 in 24-h dosing interval. But studies prove that C min for 24 h underestimates the area under the curve by 25% and therefore, does not give the clear idea of the vancomycin concentration in the body. Patients who achieved C min of 15 to 20 mg/L within 72 h are very less likely to experience vancomycin failure than patients with C min less than 15 mg/L. Teicoplanin has been widely reported to be comparable to vancomycin in efficacy with fewer adverse effects than vancomycin [18] . In a phase II randomized clinical trial, dalbavancin, a semisynthetic derivative of teicoplanin, has been reported to be superior to vancomycin in the treatment of catheter-related bloodstream infections (87% vs. 50%; P < 0.05) [19] . Daptomycin, a lipopeptide, is an alternative first-line treatment for MRSA infections but is not recommended in pneumonia [4, 19] .
Televancin and oritavancin are semisynthetic derivatives of vancomycin possessing concentration-dependent bactericidal activity. Mechanism of action of these drugs are either by inhibiting the transglycosylation (polymerization) step of cell wall biosynthesis by binding to the stem peptide of peptidoglycan precursors or by inhibiting the transpeptidation (cross-linking) step of cell wall biosynthesis by binding to the peptide-bridging segments of the cell wall, thereby disrupting bacterial membrane integrity, leading to depolarization, permeabilization, and cell death. Oritavancin has advantage of prolonged half-life and concentration-dependent activity, suitable for single-dose treatment [19] .
Oxazolidinones are a group of antibiotics that act against gram-positive bacteria by inhibiting the protein synthesis by binding to the ribosomal 50S subunit. Linezolid and tedizolid are the drugs representing this class. On the basis of several randomized controlled trials, linezolid has been approved for complicated and uncomplicated skin and skin-structure infections and for community-acquired and nosocomial pneumonia in a dose of 600 mg twice daily, intravenously or orally. No dosage adjustment is necessary in chronic kidney disease, but a strict monitoring for adverse effects is recommended [19, 20] . Fifth generation of cephalosporins from the category of β-lactams are found effective against MRSA infections. Ceftaroline, a broad spectrum cephalosporin, has the ability to bind to PBP2a, an MRSA-specific PBP that has low affinity for most of the other β-lactam antibiotics. The high binding affinity of ceftaroline to PBP2a correlates well with its low MIC for MRSA [4] . Another class of antibiotics are glycyclines which are derived from tetracyclines and inhibit the bacterial growth by inhibiting the bacterial protein synthesis. Glycyclines are active against resistant organisms like MRSA and one such example is tigecycline which is an effective drug that is in use against MRSA infections. No dosage adjustment is needed in case of renal impairment [20] . Quinupristin/dalfopristin may be used in SAB with reduced susceptibility to vancomycin [4] .
Early identification of dialysis patients at risk for complicated SAB can impact patient management in a positive manner. Vandecasteele et al have demonstrated a scoring system based on the presence of four clinical risk factors, for the identification of complicated SAB in hospitalized patients. In this study the patient score is calculated on the basis of points allocated for specific risk factors which include presence of communityacquired SAB, acute systemic infection, persistent fever at 72 h and follow-up blood culture result at 48 -96 h [21] .
Limitations and Challenges in Current Management
The current available treatments reduce mortality associated with S. aureus infections but fail to prevent complications associated with SAB. The resistance to available antibiotic regime has emerged long before and is one of the main reasons behind mortality due to MRSA infections. Therefore, to decrease the bulging infection rate, enforcing preventive measures are necessary. Changes in the epidemiology such as rising prevalence, mortality and morbidity due to MRSA made medical fraternity to look into the limitations of antibiotic regime that is currently followed and the need for new management strategies was developed [21] .
The initial antibiotic therapy is often based on observation and experience due to inability to identify and characterize the main cause which can be infectious pathogens. This may sometimes result in inappropriate treatment that can further cause unwanted complications and may lead to increase in hospitalizations and mortality of patients suffering from MRSA. Faster identification of the infection and complications is necessary so appropriate course of antibiotics can be practised and prevents the infection growing to the necrotic stage. Diagnostic techniques with fast and accurate method for identification of infection should be invented and adapted so that targeted antibiotic therapy could be given [21] .
Further, there are studies that report the emergence of resistance against newly discovered antibiotics. In Australia as many as 17% of MRSA isolates were found to be resistant to the newly invented drug ceftaroline. Increasing use of vancomycin has been associated with the emergence of vancomycinintermediate S. aureus (VISA) and heteroresistant VISA (hVI-SA) isolates, causing reduced susceptibility to glycopeptide antibiotics. Developed resistance to vancomycin, daptomycin and linezolid, identifying interactions between HA-, CA-and LA-forms of MRSA, contaminating new reservoirs, and lastly, monitoring interactions between community setting and hospital infections are some of the current challenges [22] .
Currently available antibiotics have multiple limitations when used as monotherapy against MRSA. Vancomycin has bactericidal activity against MRSA infections depending on strain-specific factors. Some of the drawbacks of vancomycin monotherapy are slow increase in MIC of MRSA over time (MIC creep), increase in S. aureus heteroresistance to vancomycin and pharmacokinetic and pharmacodynamic factors affecting drug delivery to the expected site. Daptomycin, possessing similar activity like vancomycin, is inactivated by lung surfactants, and therefore is ineffective in pneumonia. Linezolid is not used as front-line treatment owing to its bacteriostatic nature and for prolonged use due to side effects listed in table 2. Tigecycline which is highly protein bound has low serum levels during bacteremia, making it ineffective [23] . The limitations and dose adjustment of currently available anti-MRSA antibiotics are summarized in Table 2 [20, 24, 25] .
The identification and synthesis of new drugs with novel modes of action that may circumvent the developed antibiotic resistance for existing antibiotics are challenging. But to overcome the increasing incidence and mortality in cases of MRSA, discovery of new drugs has become a necessity [21] . 
Evolving Trends
The need for newer management techniques has become essential after continuous development of resistant strains against the established MRSA antibiotic therapies. Early identification of bloodstream infections, combined with the rapid initiation of appropriate antibiotic therapy, is likely to reduce the risk of complications. Development of new chemical entities or derivatizing the existing drug entities may prove beneficial than existing drug molecules against MRSA infections in renal diseases [21] . Combination therapy of antibiotics which is widely used in clinical practice (e.g. a glycopeptide or daptomycin with a β-lactam antibiotic) is being explored as a novel strategy in the fight against MRSA. Combination therapies like vancomycin and nafcillin, ceftabiprole and vancomycin, ceftabiprole and daptomycin, and daptomycin and rifampicin are studied in regards to MRSA endocarditis and acute bacterial skin and skin structure infections (ABSSSIs). Bal et al demonstrated that complete eradication of MRSA bacteremia was achieved in patients with bloodstream infections by combination therapy of vancomycin and a β-lactam antibiotic rather than vancomycin monotherapy [22] .
Ceftabiprole, a fifth-generation cephalosporin, is found to be more active than ceftaroline. Its broad spectrum activity is observed against MRSA, VISA and daptomycin. A multicentre retrospective observational study demonstrated a 68% success rate for ceftaroline (with or without combination therapy) among 211 patients with MRSA bacteremia from 2011 to 2015 [22, 26] .
Newly discovered lipoglycopeptides like dalbavancin, televancin, and oritavancin are licensed by US FDA currently against ABSSSIs and hospital-associated pneumonia (HAP). Their use can further be extended in the treatment of bacteremia, infective endocarditis, and osteomyelitis in the future [22] .
Delafloxacin approved by FDA in June 2017 is a dualtargeting fluoroquinolone which forms breakable complexes with DNA and topoisomerase IV or DNA gyrase and inhibits the activity of these enzymes in both gram-positive and gramnegative bacteria respectively. Delafloxacin has been observed to show potent activity against MRSA where MICs are higher (MIC 50 0.25 µg/mL) for fluoroquinolone-resistant isolates as compared to fluoroquinolone-susceptible isolates (MIC 50 0.004 µg/mL). Similar to delafloxacin, zabofloxacin is also extremely potent against gram-positive bacteria associated with respiratory tract infections such as S. pneumoniae (MIC 50 for MRSA is 2 µg/mL as compared to 0.125 µg/mL for delafloxacin) [22, 27] . Other fluoroquinolones including WCK2349 and WCK771 subclasses of benzoquinolizine fluoroquinolone levonadifloxacin (in phase III trial by Wockhardt) [28] and nemonoxacin (phase II) [29] are new chemical entities that are currently undergoing clinical trials. Fluoroquinolones, such as norfloxacin, ciprofloxacin, ofloxacin and levofloxacin, target staphylococcal topoisomerase IV causing widespread cross-resistance among members of this class due to the relative mutational vulnerability of topoisomerase IV. However, WCK 771 was found more potent than moxifloxacin, trovafloxacin, levofloxacin, and ciprofloxacin with potency comparable to that of clinafloxacin. The strong potency of WCK 771 against MSSA and MRSA strains is due to its unique bactericidal mechanism of action wherein it targets DNA gyrase (topoisomerase II). However, WCK 771 is not a substrate of the NorA pump so MIC of drug is not related to reserpine. These factors create high intracellular drug concentrations even in the resistant strains ultimately leading to bacterial lysis. WCK 771 and clinafloxacin have been found to have a stronger potency against VISA strains (MICs = 1 µg/mL) [30] .
Conclusions
Staphylococcus, a ubiquitous microorganism, can survive under extreme conditions and colonize in patients with renal disorders without any symptoms. Current management strategies for the treatment of renal disorders with staphylococcus infections are becoming increasingly limited due to the rising incidence of resistant pathogens such as MRSA. Monotherapies like vancomycin, teicoplanin, daptomycin or linezolid are the first-line treatments against MRSA in renal disorders but there are limitations for these drugs in terms of development of resistance and side effects. To prevent resistance to monotherapy, combination therapy of available antibiotics is being explored. But combination therapies have their own disadvantages in terms of drug-drug interaction, toxicity and the risk of increasing multidrug-resistant bacteria. Hence, there is an urgent need to develop new antimicrobial agents with established renal safety to combat increasing multidrug-resistant MRSA infections, thereby decreasing the associated mortality and morbidity in infected renal patients.
